Intratumoral heterogeneity has been identified as one of the strongest drivers of treatment resistance and tumor recurrence. Therefore, investigating the complex clonal architecture of tumors over time has become a major challenge in cancer research. We developed a new fluorescent "optical barcoding" technique that allows fast tracking, identification, and quantification of live cell clones in vitro and in vivo using flow cytometry (FC). We optically barcoded two cell lines derived from malignant glioma, an exemplary heterogeneous brain tumor. In agreement with mathematical combinatorics, we demonstrate that up to 41 clones can unambiguously be marked using six fluorescent proteins and a maximum of three colors per clone. We show that optical barcoding facilitates sensitive, precise, rapid, and inexpensive analysis of clonal composition kinetics of heterogeneous cell populations by FC. We further assessed the quantitative contribution of multiple clones to glioblastoma growth in vivo and we highlight the potential to recover individual viable cell clones by fluorescence-activated cell sorting. In summary, we demonstrate that optical barcoding is a powerful technique for clonal cell tracking in vitro and in vivo, rendering this approach a potent tool for studying the heterogeneity of complex tissues, in particular, cancer.
Intratumoral heterogeneity has been identified as one of the strongest drivers of treatment resistance and tumor recurrence. Therefore, investigating the complex clonal architecture of tumors over time has become a major challenge in cancer research. We developed a new fluorescent "optical barcoding" technique that allows fast tracking, identification, and quantification of live cell clones in vitro and in vivo using flow cytometry (FC). We optically barcoded two cell lines derived from malignant glioma, an exemplary heterogeneous brain tumor. In agreement with mathematical combinatorics, we demonstrate that up to 41 clones can unambiguously be marked using six fluorescent proteins and a maximum of three colors per clone. We show that optical barcoding facilitates sensitive, precise, rapid, and inexpensive analysis of clonal composition kinetics of heterogeneous cell populations by FC. We further assessed the quantitative contribution of multiple clones to glioblastoma growth in vivo and we highlight the potential to recover individual viable cell clones by fluorescence-activated cell sorting. In summary, we demonstrate that optical barcoding is a powerful technique for clonal cell tracking in vitro and in vivo, rendering this approach a potent tool for studying the heterogeneity of complex tissues, in particular, cancer.
INTRODUCTION
Tracking the fate of individual cancer cells and understanding how complex tumors adjust to treatment represents one of the major problems of oncological research. Labeling of individual cell clones and modeling of their in vivo expansion can facilitate the understanding of clonal development and adaptation during tumor progression within the heterogeneous landscape in cancer. 1, 2 Furthermore, the ability to label and trace individual cells is demanded in many other research areas, including stem cell biology, neuronal networks, or testing of advanced biologicals like oncolytic viruses. Unfortunately, in vivo tracking of single-cell clones has been technically challenging. Recent efforts have applied a variety of techniques, including genetic DNA barcoding, 3 transposon-based mutagenesis, 4 fluorescentlabeling approaches, or combinations thereof. [5] [6] [7] Although genetic DNA barcoding allows labeling of highly complex subpopulations, it is largely restricted to the analysis of lysed cells and requires multiple time-consuming and costly steps, including next-generation sequencing and biostatistical analysis, before the different clonal populations can be quantified. 6 Cell marking with fluorescent proteins, on the other hand, enables tracking of live cells and their quick analysis in and ex vivo. 8, 9 The number of exploitable fluorescent colors can be significantly increased by applying combinatorial labeling strategies such as red-green-blue (RGB) marking. 10, 11 The latter is based on the transduction of target cells with integrating retro-/lentiviral vectors that mediate highly variable expression of random combinations of these three basic colors (RGB), thus generating all possible color combinations. However, RGB marking does not permit precise quantification or recovery of single clones out of complex and heterogeneous subpopulations by fluorescent-activated cell sorting (FACS). In principle, RGB marking, when used in a binary approach suitable for flow cytometry (FC), would allow labeling of up to seven easily distinguishable populations (R, G, B, RG, RB, GB, and RGB), a number too low for many experimental setups.
In order to combine the advantages of the two techniques (i.e., analysis of spatial clone distribution and precise quantification of clonal contributions), RGB marking was combined with DNA barcoding. 5 Wu et al. 12 recently proposed an elegant approach to quantify fluorescently labeled clonal compositions by using spectral analysis software that identifies RGB-marked cells in pictures (e.g., tissue sections) based on their color. Fluorescent cell barcoding (FCB) represents another, flow cytometry-based labeling technique, which utilizes fluorescent dyes for staining of fixed cells resulting in a unique signature due to defined fluorescence intensities and emission wavelengths for different samples. 13 However, tracking of individual clones cannot be achieved in vivo and the mix can only be quantified at single time points. 13 A recent advancement of the FCB approach, termed fluorescent genetic barcoding (FGB), harnesses the retroviral expression of up to three fluorescent proteins additionally stratified by two different fluorescence intensities. 14 The FGB technique permits clonal cell behavior monitoring over time in vitro for up to 12 different clones, as long as fluorescence signals of analyzed cells are bright enough to facilitate clear-cut identification of two stacked intensity levels. Furthermore, the development of the Brainbow mice was based on stochastic recombination of fluorescent proteins exploiting the Cre/ lox system, thereby creating a mosaic gene expression that allows for in vivo analysis of neuronal connections. Brainbow mice represent a major technical advance with a variety of applications. 7, 15, 16 However, as with RGB marking, numerous and complex color combinations might impede recovery and subsequent analysis of individual clones.
Here we have extended the use of fluorescent-protein-based labeling introducing optical barcoding (OBC), a novel combinatorial binary approach that allows for tracking and recovery of individual tumor clones in a heterogeneous solid tumor entity. OBC exploits definite combinations of well-distinguishable fluorescent proteins to mark individual cell clones. Both the number of fluorescent proteins and the number of permitted combinations are user defined. Using our binary/digital FC-based readout in proof-of-principle experiments, we were able to establish and unambiguously distinguish 41 different clones and to track and quantify them both in vitro and ex vivo from tumor explants.
RESULTS

Optical Barcoding with Six Lentiviral Gene Ontology Vectors Expressing Different Fluorescent Proteins
Our aim was to implement a novel method, "optical barcoding," which relies on the stable expression of defined combinations of fluorescent proteins to color-code cells or cell clones for quantitative analysis in flow cytometry. For this purpose, we used our established set of multi-color lentiviral gene ontology (LeGO) vectors, 17 which are HIV-1-derived third-generation self-inactivating (SIN) lentiviral vectors equipped with the strong and ubiquitous spleen focus-forming virus (SFFV) promoter. We used different LeGO vectors ( Figure 1A ) to transduce individual fluorescent proteins into the targeted U87 glioblastoma cell line. Of commonly used fluorescent proteins, we selected six proteins with distinct excitation and emission properties to allow for their simultaneous analysis by flow cytometry ( Figure 1B ). They were chosen to ensure convenient compensation settings during six-color analysis in flow cytometry by employing two colors per laser in a three-laser flow cytometer (405-nm violet, 488-nm blue, and 561-nm green lasers). During flow cytometric analysis, all colors are recorded as a binary/digital value (i.e., examined cells are either "red" or "not red"). For each cell, these data are simultaneously obtained in all six channels ( Figure 1B , lower part). Combined digital (yes or no) values for each cell ("blue" or "not blue," "red" or "not red," etc.) thus represent an unequivocal binary encoding, which can be represented as a barcode (six channels: yes or no, black or white, as in Figure 2 ).
Having six different lentiviral vectors adjusted to equal titers, the transduction rate per single color defines the size and proportion of the subgroups of single-transduced cells, double-transduced cells, triple-transduced cells, and so forth ( Figure 1C ). At a transduction rate of 20% per color, for example, the resulting populations will consist of (1) about 40% of cells expressing only one of the six colors (compare Figure 1C , dark blue line), (2) about 25% of the cells expressing two of the six colors (violet line), (3) about 8% expressing three of the six colors (light blue line), and (4-6) 1% or less of the cells expressing four, five, or all six colors, respectively. The total transduction rate at 20% per color will approximate 75% (black line). At a higher transduction rate (e.g., 80% per each of the six colors), 1% or less of the cells will express one or two of the six colors, whereas about 8% of the cells will express three colors, 25% will express four colors, about 40% will express five colors, and about 25% will express all six colors, leading to a very high total transduction rate of slightly below 100%. These calculations help to adjust the initial transduction rates per color depending on the actual target combinations. For example, when starting with six colors, all possible color combinations are present at the same pool size (about 1.56%) at transduction rates of 50% per color (leading to 64 possible combinations, including unlabeled cells). In this regard, Figure 1C might seem slightly counterintuitive at first sight. To read this figure, one needs to take into account that, for example, the group "3 colors" comprises 20 color combinations ( Figure 1D ) at 1.56% each, which results in a total of $31% of cells expressing three colors.
Depending on the number of colors allowed per cell, the total number of unique color barcodes can be calculated using a binomial coefficient ( Figure 1D ). In our experiment, we used six colors in total and allowed expression of one to three colors per cell. This leads to a maximum number of 41 unique color barcodes (i.e., up to 41 cell populations or clones can unambiguously be marked) (Figure 1E ). Transduction with seven colors (e.g., based on the addition of iRFP 713 ) and inclusion of all possible combinations would result in 127 optical barcodes that can be used for clonal cell tracking ( Figure 1E ). To test our approach, the glioblastoma cell line U87 was transduced with all six LeGO vectors in parallel and expanded in vitro. Single cells expressing one, two, or three of the six colors were sorted into 96-well plates to obtain 41 optically barcoded single-cell derived U87 clones ( Figure 1F ). Transductions were carried out at different MOIs, yet vector preparations were always adjusted to equal titers for all six vectors ( Figure 1G ). At a MOI of 1, the transduction rates per color were 25% on average, leading to cells expressing mostly one or two colors (compare Figure 1C) . At a MOI of 3, the transduction rates per color were about 60% on average, leading to a larger proportion of cells expressing three colors.
Using the approach outlined in Figure 1F , we were able to generate 41 single-cell derived U87 clones, each labeled with 1 of the 41 different optical barcodes (one to three colors out of six). As illustrated in Figure 2 , all clones can unambiguously be identified and quantified by flow cytometry ( Figure S2 ). We also confirmed that lentiviral color expression was sufficiently stable, as FC-based quantification of bulk-labeled U87 cells showed that all colors were still expressed in equal proportions 7 days after transduction ( Figure S1 ). In order to analyze suitability of OBC for the assessment of clonal dynamics of heterogeneous populations in vitro and in vivo, we mixed the optically barcoded clones in equal proportion (Figure 3A) . As described in Figure 2 , each OBC clone can be identified based on its barcode. For example, clone_2+3 is positive for T-Sapphire (C2) and EGFP (C3) but negative for C1, C4, C5, and C6. Consequently, quantification of individual OBC clones in cell mixtures by flow cytometry requires a complex gating strategy that applies a Boolean analysis ( Figure 3B ). The Boolean approach enables quantification of individual clones by describing their deterministic dependencies in relation to each other ( Figure 3B ).
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Before each clone can be quantified, compensation setups need to be checked by analyzing all relevant color combinations ( Figure 3A , lower panel proportion (percentage) within the parent population. Consequently, an individual gating strategy has to be applied for each clone ( Figures 3B and S2 ).
Using the above-mentioned approach, we next measured actual proportions of individual clones in complex cell mixtures. For that purpose, we mixed 13 U87 OBC clones in approximately equal proportions and gradually increased the share of one specific clone (U_1+3) up to a factor of 32. Quantification of each dilution by FC confirmed the steady and gradual increase of U_1+3 in each mix (Figure 3C ). At the same time, all other clones remained detectable with their shares decreasing in a proportional way, which underlines both the sensitivity and accuracy of the measurements.
Next, we assessed the specificity of our assay (i.e., whether flow-cytometric quantification of small clonal populations is not influenced by fluorescent overlap or artifacts) ( Figures 3D and S2 ). To do so, we performed a "mix-minus-one" approach, using the same mix of 13 OBC clones. As depicted in Figure 3D , flow cytometry was completely negative for 10 clones that were individually omitted from the 13-clone mix, whereas only very weak signals were detected for three clones. We thereby proved that fluorescence overlap can be compensated well in flow cytometry and does not result in the loss of specificity for quantification of small clonal populations. Taken together, our data clearly demonstrate that individual OBC-marked tumor clones can be sensitively and accurately quantified by flow cytometry.
Optimization of the Transduction Strategy for Later In Vivo Applications of OBC
We next advanced the OBC technique to perform in vivo tracking studies using the syngeneic malignant mouse glioma cell line GL261 in immunocompetent C57BL/6J mice. The six different LeGO vectors were titrated separately on GL261 with a MOI of 1, 10, or 100. As GL261 proved to be rather resistant to transduction, a MOI of 100 was necessary to achieve on average 42% of transduction per color (Figure 4B ). Simultaneous transduction with six vectors, as was done for labeling of U87 cells (Figure 1 ), resulted in 63 color combinations and individual population sizes of 1.5% on average (some below 0.5%), which reduced sorting efficacy and yield of desired clones during subsequent culturing. To improve the marking procedure, we tried a new rapid labeling strategy to avoid sorting of tiny populations out of a very complex mix. We now performed separate transductions for each desired color combination ( Figure 4A ), leading to conveniently sortable population sizes of about 46% on average in a less complex mixture (three instead of 63 labeled populations present), which reduced the time needed for cell sorting about 10-fold. In addition, we decided to limit the maximal number of colors per cell to two, which offers a total of 21 different OBCs, enough for the planned experiments.
OBC Allows In Vitro Clonal Tracking and Quantification
Before in vivo application, we analyzed the proliferation dynamics of OBC clones in vitro, both individually and in a mixed population. To this end, we performed ATP-based proliferation assays over 7 days on each of the 21 GL261 OBC clones ( Figure 5A ). We observed celldoubling times ranging from 1.4 to 4.8 days, with the clones GL_3+5, GL_5+6, GL_2+4, and GL_1+2 replicating the fastest, whereas GL_1, GL_2+3, GL_1+5, and GL_4+6 represented clones C2  C3  C5  C6  C1+2  C1+3  C1+4  C3+6  C4+5  C5+6 C2+3+5 C2+4+5 Mix -C1
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% of viable cells with a reduced proliferation rate ( Figure 5B ). The doubling time of unlabeled/bulk GL261 was not shorter than the OBC clones average doubling time (1.94 days), indicating that the transduction had no significant influence on the growth of the labeled GL261 clones. However, for other cell lines such as U87, we did observe reduced proliferation rates for most of the derivative clones, a phenomenon that can probably be explained by a given cell line's sensitivity to lentiviral expression of fluorescent proteins ( Figure S3A ).
To verify whether OBC clones maintained their tumorigenic features, we plated each clone independently in soft agar to test for anchorageindependent cell growth. We found that all clones were capable of anchorage-independent growth and colony formation, indicating that GL261 clones exhibit tumor-initiating potential. Whereas most clones showed similar colony-initiating capacity, this potential was increased for clones GL_1+5, GL_3+5, GL_3+6, and GL_2+5 with regard to both colony number and area ( Figure 5C ). In order to assess competitive growth characteristics of OBC clones, we combined all 21 GL261 OBC clones at equal proportions and propagated them for up to 60 days in culture. After each passage, we quantified the clonal composition of the cell mix by flow cytometry and observed a striking clonal selection, with three major clones (GL_3+5, GL_2+6, and GL_5+6) largely taking over the culture after 60 days ( Figure 5D ). Interestingly, these predominant clones were not necessarily the ones with the fastest doubling time when grown as single cultures. For example, GL_2+6 appeared to be relatively slow growing in proliferation as well as in the soft-agar assay, whereas the more rapidly growing GL_2+4 or GL_2+5 clones were maintained in the mix but did not expand. Interestingly, GL_4, one of the most potent clones in individual assays, completely disappeared from the mixed culture.
As one might have anticipated, some of the slowest clones in the proliferation assay (e.g., GL_1 and GL_2+3) were also lost in the in vitro mix.
These data prove that the OBC labeling system allows us to track and quantify growth dynamics of different subpopulations of tumor cell clones in vitro. We thereby demonstrate that certain subpopulations of GL261 do not profit from the proximity of other clones, despite possessing a higher proliferative capacity when grown independently.
In Vivo Assessment of Glioma Growth Dynamics Using the OBC Tracking System
In order to confirm that OBC labeling does not interfere with tumor growth, survival, or tumor-specific immunoreactivity, we performed a preliminary experiment, in which immunocompetent C57BL/6J wild-type mice received stereotactic intracerebral injections with either bulk parental GL261 cells, with each of the six single-color-coded (C1-C6) bulk cells, or with a mix of all six color-coded bulk cells. Tumors labeled with any of the six colors or the mix of the six presented no difference in survival time compared to mice injected with unlabeled GL261 cells ( Figure S4A ). We thus demonstrated that color coding was well tolerated and did not hamper tumor formation.
Next, we mixed all 21 OBC GL261 clones ( Figure 6A ) at equal proportions, based on cell counts. Near equal ratios of all 21 clones were verified by flow cytometry ( Figure 6B) . The mix was then injected orthotopically into the striatum of C57BL/6J mice. Starting 25 days after injection (see survival data, Figure S4B ), individual symptomatic mice were euthanized and tumors were removed from the brain parenchyma ( Figure 6A ). After tumor digestion, its clonal composition was quantified by flow cytometry (Figure 6C ), applying the strategy described in Figure 3 . Quantification of two independent experiments with six mice each revealed that the 21 OBC clones generated from single cells out of the GL261 line underwent significant clonal contraction in vivo, with GL_3+5 being the major clone dominating in tumors in all mice, and GL_1+6 and GL_2+4 were the other clones consistently present in tumors ( Figure 6D ). Similar results were obtained with the mix of 30 U87 OBC clones, in which ex vivo analysis showed a major clonal restriction because the tumor composition was limited to mainly two clones, U1+4 and U4+6 (Figure S3B) . Interestingly, not every clone that displayed a fast doubling time in vitro (e.g., GL_5+6 and GL_1+2) contributed to tumor formation, indicating that the brain microenvironment potentially exercises a constant selective pressure on tumor-initiating and proliferative capacities of individual clones. Moreover, the in vitro comparatively expansive clone GL_2+6 ( Figure 5D ) did not appear to have any growth advantage in vivo. Finally, our data illustrate the potential of the OBC technique to quantify, track, and isolate individual clones out of the heterogeneous tumor mass using fluorescence-activated cell sorting to gain previously inaccessible insights into tumor biology.
DISCUSSION
In an increasing number of research areas, including investigations of cancer stem cells, tissue renewal, 19, 20 neurogenesis, 21 network formation, 7 and hematopoiesis or immunology, 22 Here, we present a new technique to label clonal subpopulations with an optical barcoding system, which can quickly and cost-efficiently track, quantify, visualize, and extract vital cells.
In our study, we demonstrate the potential of OBC to track growth dynamics of multiple clones in a heterogeneous environment such as brain tumors. Although the complexity of heterogeneity is higher in many investigational systems such as cancer, 1 the optical barcoding system represents a valuable tool for experimental modeling of heterogeneity using a manageable number of different clones. Due to the diversity of the six colors allowed in the OBC system, even limiting marking to one to two colors per cell enables separation of 21 individual clones or populations.
Compared to techniques like RGB marking or the DNA-barcoding approach, 6 ,10 optical barcoding with six colors reduces the complexity to 21-63 clones per mix, depending on how many colors per cell are permitted. For in vitro studies, it is possible to include an additional "all-negative" clone, which simultaneously could serve as an internal control. Moreover, because the clonal composition can be tracked and quantified within minutes, the applicability of our technique outweighs the drawback of a reduced clonal complexity in many investigational models. The OBC labeling approach with six colors further allows for additional staining with antibodies using dyes excited by the red or violet laser with a longer emission wavelength. Expression of surface markers can thereby be examined simultaneously to an in vitro or ex vivo quantification within the OBC mixture to identify, for example, stem cell population hierarchies and functional marker profiles.
In principle, application of integrating vectors may cause insertional mutagenesis promoting malignant transformation. However, this is a very unlikely event 23 with comparatively mutagenic gamma-retroviral long-terminal repeat (LTR) vectors already; the probability is even lower with lentiviral SIN vectors as used in this study. To further decrease the risk of insertional mutagenesis, introduction of unnecessary high copy numbers needs to be avoided. 24 In our study, we were able to restrain the mean number of vector insertion sites in the 21 GL261 OBC clones to a mean (± SD) of 2.87 ± 1.32 as established by digital PCR (not shown), which is in good agreement with theoretical predictions for the chosen gene transfer rate. 25 Generally, we propose determining the cell-specific MOI to ensure optimal transduction rates for each individual cell line in order to limit numbers of integrated vector copies.
Deleterious effects of high expression levels of fluorescent proteins as reported for sensible cell lines might represent another potential limitation of OBC. However, clones with reduced growth potential can efficiently be ruled out using the single-cell cloning approach with the subsequent selection of growth-competent clones as illustrated in Figure 4A . Nevertheless, potential long-term effects of culture and transduction procedures on cell behavior need to be taken into account. This holds particularly true for more sensible cell lines (e.g., used in stem cell research), where culture conditions during generation of OBC clones will have to be carefully adjusted in order to maintain stem cell characteristics. The possibility of performing additional surface marker staining using alternative lasers and/or remaining fluorescence channels will be important to characterize the generated clones in more detail in those settings. Finally, although the technique presented here should also work for embryonic or induced pluripotent stem cells, the generation and selection of OBC-labeled clones is not possible for cell types that can only be kept in culture for a few days.
Recently, fluorescent genetic barcoding, 14 an alternative approach allowing flow cytometry-mediated clonal tracking, was suggested. That approach nicely demonstrated that hepatocytic and T cell lines can be fluorescently labeled with three colors and can subsequently be single-cell sorted to generate individual clones barcoded by different fluorescence intensities.
14 Notably, Maetzig et al. 26 also recently introduced a further advancement and extension of the FGB approach based on lentiviral vectors.
As compared to FGB, optical barcoding as described here not only extends the numbers of trackable clones, but its binary or digital readout also introduces a higher degree of stability for longitudinal tracking of clones. Indeed, OBC is not affected by variations in fluorescent hue and intensity, since clones are either positive (1) or negative (0) for a certain color. Notably, fluorescent protein expression levels can be influenced by the metabolic state or differentiation status of cells. 27 This might lead to variations in hue or intensity when cells are analyzed ex vivo, 27 thereby affecting accuracy of clonal discrimination for techniques with intensity-based readouts. The OBC system overcomes this limitation by using a binary readout to distinguish positive and negative populations.
Using the murine malignant glioma cell line GL261, we demonstrate that the intracerebrally injected OBC clone mix can be explanted and dissociated after tumor establishment and can consecutively be quantified ex vivo. Cell recovery and flow cytometric analysis were performed without fixation or lysis and therefore preserved cell viability. This highlights one of the most important advantages of the OBC system, as vital cells can subsequently be sorted based on their optical barcode and re-cultured. Fluorescence-activated cell sorting of intact cells according to their barcode therefore enables sophisticated analysis of multiple parameters, such as gene expression profiles, molecular genetic alterations, or other potentially distinctive characteristics of clonal subpopulations upon growth in vivo. We further demonstrate that all six colors used for optical barcoding are well tolerated in vivo. This observation is in concordance with a study by Clark et al., 28 who showed that lentiviral transduction of firefly luciferase of GL261 does not alter the immunogenic profile of GL261 in immunocompetent C57BL/6J mice. This finding enables studies with wild-type animal models that are suitable for investigations of cellular interactions in an immunocompetent system. 29, 30 Our OBC experiments highlighted that not every clone is identical in the GL261 cell line and that only a few appear to maintain tumorigenic capacity when injected as a mix, despite having similar growth rates in vitro. The considerable variation in growth, which we observed when clones were analyzed as a mix versus single clones, led us to hypothesize that glioma cells display a high degree of plasticity and are capable of changing phenotype (i.e., tumor-initiating cells versus bystander cells), depending on the microenvironment.
Fluorescent protein-based clonal tracing techniques were primarily designed for being evaluated by fluorescence microscopy. 31 Visualization allows identification of individual cell types in the context of their anatomic environment. However, given the restricted numbers of available fluorescent proteins and without combining them using the barcode strategy, microscopic quantification of heterogeneity is always limited to semiquantitative measurements and oligo-clonal populations. Optical barcoding potentially enables both precise quantification of clonal composition of the entire three-dimensional tumor using flow cytometry, as demonstrated in our study, as well as in vivo visualization of the clonal distribution in their anatomic context. 32 Confocal microscopy can potentially identify individual clones based on their optical barcode, as multi-color spectral detangling would permit image analysis in six channels, similar to flow cytometry. 33 This could be of relevance for analysis of stem cell populations that reside in defined anatomical spaces (e.g., as defined by hypoxia or vascular proximity), thereby enabling evaluation of their functional properties in their anatomical context. 34, 35 Taken together, we have demonstrated that optical barcoding is a powerful tool that allows identification, quantification, tracking, and sorting of clonal subpopulations, as well as their functional assessment in vitro and in vivo. Complex heterogeneous systems are the result of the expansion of specific subpopulations driven by endogenous growth advantages, signaling networks, and selective pressure of the microenvironment. By providing a new experimental tool to unravel heterogeneity, the optical barcoding system not only enables a better understanding of clonal architecture in cancer but also represents a valuable technique for cell marking in various areas of biomedicine and cell biology.
MATERIALS AND METHODS
Cell Culture
293T cells used for production of lentiviral particles, as well as the U87 human glioblastoma and the GL261 murine malignant glioma cell lines, were all propagated in DMEM containing 4.5 g/L glucose, 4 mM GlutaMAX-I, and 1 mM pyruvate (31966-021; GIBCO) supplemented with 10% fetal bovine serum, 25 mM HEPES, 100 U/mL penicillin, and 100 mg/mL streptomycin.
Lentiviral Vectors
The third-generation HIV-1-derived self-inactivating lentiviral gene ontology vectors (LeGOs) were used for stable transduction of target cells. The vectors used express a fluorescent protein under the control of the spleen focus-forming virus (SFFV) promoter. To complement the colors of the vectors LeGO-G2 (expressing EGFP, green) and LeGO-V2 (expressing Venus, yellow), 17 four other fluorescent proteins were cloned: namely, EBFP2 (blue; a gift from Robert Campbell) (plasmid 14891; Addgene), 36 T-Sapphire (violet excitable green; a gift from Oliver Griesbeck), 37 mOrange2 (orange; a gift from Lalita Ramakrishnan) (plasmid 30175; Addgene), 38 and dKatushka2 (red; a gift from Lalita Ramakrishnan) (plasmid 30181; Addgene). 39 The six LeGO vectors used for OBC are shown in Table 1 . OBC vectors can also be combined with other transgenes of interest. 40 If needed, cloning strategies and primer sequences are available upon request. Production of lentiviral particles was described earlier and detailed protocols as well as plasmid sequences are available online (http://www.LentiGO-Vectors.de). 17, 40 In brief, cell-free supernatants containing viral particles were produced by transient transfection of HEK293T packaging cells using the third-generation packaging plasmids pMDLg/pRRE and pRSVRev, 41 as well as phCMV-VSV-G, 42 expressing the envelope protein of the vesicular stomatitis virus. Functional titers were determined by titration of all supernatants on HEK293T cells, analyzed 3 days later by flow cytometry on a LSRFortessa flow cytometer (Becton Dickinson [BD]) equipped with 405-nm, 488-nm, 561-nm, and 640-nm lasers.
Flow Cytometry Analysis and Fluorescence-Activated Cell Sorting
Analysis of OBC-labeled cells was carried out on a BD LSRFortessa flow cytometer, and the filter configuration used is listed in Table 2 . Sorting of OBC-labeled cells was done on a BD FACSAria IIIu cell sorter, and the filter configuration is listed in Table 3 . Whereas most filters belong to the standard configuration, the filter sets to discriminate between EGFP and Venus are custom (AHF Analysentechnik). When sorting OBC-labeled cells, the amount of gates and populations needed to define all OBC color combinations is larger than the FACSDiva software (version 8.0.1; Becton Dickinson) can handle without difficulties. To define 41 separate OBC color combinations, at least 55 populations are needed for the Boolean combinations (including "all cells" and "viable," see Figure S2 ), and an additional population is necessary for removal of doublets when sorting. The exact position of the sorting gates was adjusted for every color combination, to ensure sorting of single cells that are bright enough for clear-cut identification but not too bright, since clones with extensive brightness (out of range) are difficult or impossible to compensate.
Labeling of U87 Cells
U87 cells were plated in a 24-well plate at a density of 50,000 cells per well (p.w.) in 500 mL medium. Cells were transduced with equal amounts of all six lentiviral vectors at the same time, each expressing one fluorescent protein of a specific color. To ensure a broad range of different transduction rates, six wells were transduced each at a different MOI, ranging from 0.1 to 100. A lower MOI ensures single-colored cells, whereas a higher MOI ensures double-and triplecolored cells in the population (Figure 1) . Following FC analysis to identify the most suitable MOI with respect to cell numbers for given color combinations (MOI of 0.3-10), single cells were sorted on a FACSAria IIIu cell sorter into separate wells of a 96-well plate. Cell clones grown from single cells were reanalyzed and expanded for subsequent experiments.
Labeling of GL261 Cells GL261 cells were plated in a 24-well plate at a density of 50,000 cells per well in 500 ml medium. For this cell line, the six LeGO vectors expressing different colors were used in separate wells, leading to singlecolored GL261. Compared to U87, higher amounts of vector were needed. At a MOI of 100, on average 42% of the cells were transduced LeGO-dKatushka2 dKatushka2 85214
LeGO, lentiviral gene ontology. Ex Vivo Analysis U87 or GL261 tumors were excised after symptomatic mice were sacrificed by fine dissection and then minced roughly with a scalpel before being digested at 37 C for 30 min in a solution of Hank's media supplemented with 1.5 mg/mL collagenase (Biochrom) and 10 mg/ml DNase (Roche). After dissociation, the mixture was filtrated through a 70-mm strainer, washed once in Hank's media, and resuspended in flow cytometry staining buffer (eBioscience). For GL261 and U87 cell lines, cells were lifted off the plate with trypsin (Gibco), washed once, and resuspended in FC buffer.
Proliferation-and Anchorage-Independent Growth Assays
Proliferation of each GL261 OBC clone was assessed by Cell Titer Glo (Promega), a proliferation assay based on the ATP cell content. Onethousand cells were plated p.w. in 96-well plates in triplicate and grown for up to 7 days. On each day, proliferation was measured according to the manufacturer's protocol, and a standard curve was established to correlate the luminescence value to the cell number. Doubling times were calculated on fitted curves using the leastsquares fitting method.
A soft-agar assay was also performed on the GL261 OBC clones. Briefly, 10,000 cells from each clone were plated p.w. in six-well plates with 0.8% melted agarose in DMEM plus 10% fetal bovine serum (Gibco). After 14 days, two pictures per well were taken with a Â10 objective, using two wells per clone. Colony numbers and areas were determined for each clone using NIH ImageJ software (1997-2016; http://imagej.nih.gov/ij/). For the U87 OBC clones, 2,000 cells p.w. were plated for each clone in 96-well plates in triplicate and grown for 8 days. Each day, cells were fixed with 1% glutaraldehyde for 15 min and washed in PBS. Then all plates were stained with a 0.1% crystal violet solution for 1 hr and rinsed under running water. Absorbance was measured in a Tecan plate reader at 540 nm.
Mice Injection
All mice experiments were performed in accordance with the guidelines of animal welfare of the University Medical Center Hamburg-Eppendorf and with explicit permission of the institutional review board as well as the local authorities (Behörde für Soziales, Gesundheit und Verbraucherschutz Hamburg). NMRIFoxn1 nu /Foxn1 nu immunocompromised mice were used for U87 cells, whereas the GL261 cell line was injected into C57BL/6J mice. Each OBC clone was mixed in equal proportion to a concentration of 100,000 cells/mL in DMEM and 2 mL was injected into the brain. Briefly, after anesthesia by injection of ketamine/ xylazine, a small hole was drilled through the skull of the mouse and the cell solution was injected into the right striatum with a Hamilton syringe (needle gauge 30) at the following stereotactic coordinates from the bregma (0 mm, +2 mm, À2 mm).
Digital PCR for Copy-Number Analysis
To assess vector-copy numbers in the 21 GL261 clones, we carried out duplex digital PCRs using the QX100 Droplet Digital PCR System (Bio-Rad) essentially as described, 43 with the addition of 3 mM (final concentration) MgCl 2 into the reaction mix, an elongation time of 120 s, a ramping rate of 2 C/s, and 40 cycles total. Two independent duplex PCRs were designed that detect sequences within either the 5 0 SIN-LTR or the internal SFFV promoter of the LeGO vector in conjunction with a reference (REF) gene (murine erythropoietin receptor). 5, 44 Vector-specific PCR amplicons were detected using a fluorescein amidite (FAM)-labeled black hole quencher (BHQ) probe, whereas a 6-hexachlorofluorescein (HEX)-labeled BHQ probe was used for the REF gene. Primer and probe sequences are available on request. We applied 5-20 ng genomic DNA per reaction. 
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